Ni base superalloy is one of the most important key materials for hot section parts in various applications. As for cast and wrought material, it is well known that grain size distribution and recrystallization ratio as well as precipitation condition have considerable effect on mechanical properties. The deformation and dynamic recrystallization behavior of representative Ni base superalloy, Waspaloy were revealed through various kinds of hot compression tests and quantitative relationship available for numerical calculation technology was derived. Dynamically recrystallized grain diameter depended on temperature, strain rate and was independent of the initial grain diameter and strain. The grain diameter could be expressed as a function of the temperature compensated strain rate, i.e., ZenerHollomon parameter quantitatively. Avramitype equation was available for comprehensive and quantitative expression of dynamic recrystallization transition. The approximation was a function of the given strain and strain for the 50% recrystallization which depends on the initial grain diameter and ZenerHollomon parameter.
Introduction
Ni base superalloy is one of the most important key materials for hot section parts in various applications, especially in aero engine. Improvement of material combined with that of component design has been contributing to enhancement of engine performance. Progress of vacuum melting technology available for mass production had made Ni base superalloy reliable main structural material of aero engine. Many kinds of material and regarding process has been proposed and applied up to the present. Waspaloy developed in 1940's decade has been recognized as representative cast and wrought Ni base superalloy and still been widely applied to various important parts, e.g., disk, seal and casing because of its appropriate total balance of mechanical property, formability, cost and so on.
For cast and wrought material, it is well known that grain size distribution and recrystallization ratio as well as precipitation condition have considerable effect on mechanical properties, e.g., low cycle fatigue, creep, tensile property.
1) It means the importance of thermo-mechanical processing control having great inference on crystal grain structure during hot forging stage. 2, 3) Of course, specified shape should be achieved in forging stage at the same time.
It's thought to be helpful to utilize calculation analysis like finite element method to understand thermo-mechanical history as continuous phenomenon and to settle optimum operation procedure. 46) This technology makes it possible to assume and verify the microstructure transformation during hot deformation.
Therefore it is important to understand recrystallization behavior under hot deformation condition precisely as to obtain equiaxed and homogenous grain distribution that attains desirable mechanical properties and reliabilities in various hot section parts. In particular, industrially critical forging parts for elevated temperature application in aero engine requires homogenous equiaxed grain structure having specified average grain size exactly. As for Ni-base superalloy made by cast and wrought process, the control of dynamic recrystallization is the most important one. Dynamic recrystallization brings equiaxed grain structure that is independent of stressed direction and makes fine grain distribution under specific condition. Even equiaxed grain structure is given by continuous dynamic recrystallization progress and resultant high dynamic recrystallization ratio.
All the relationship regarding microstructure should be expressed as quantitative equations for modeling. In consideration of practical production control, dynamic recrystallization behavior of alloy718 that was another successful Ni base superalloy was studied in previous report. 7) The objective in this study is to reveal the deformation and dynamic recrystallization behavior of Ni base superalloy, Waspaloy during hot forging through various kinds of hot compression tests and to derive quantitative relationship among various parameters that is available for numerical simulation.
Experimental Procedure

Materials
All of tested materials in this study were the forging billet produced from double melted ingot (vacuum induction melting followed by electoro-slag remelting). Chemical composition of tested material is shown in Table 1 .
Isothermal compression test
Strain rate controlled isothermal compression tests were carried out using THERMECMASTER-Z made by Fuji Electric Industrial Co., Ltd. and having maximum load capability of 98 kN under electrical-hydraulic control to understand the relationship among temperature, strain rate, strain and microstructure evolution i.e., dynamically recrystallized grain diameter, dynamic recrystallization ratio. The specimens with 12 s roughness condition of surface had cylindrical shape with 8 mm in diameter and 12 mm in height. These specimens were heated up to test temperature with a heating rate of 10 K/s by induction heating and compressed after 100 s hold at the temperature. Test temperature was controlled and monitored with thermo-couple that attached to surface in mid-height region. Each range of temperature, strain rate and total strain is 12231423 K, 0.010.2 s ¹1 and 1070% respectively. The specimens were immediately cooled by He gas to achieve quench condition.
Microstructure observation was carried out by optical microscopy for specific area with 1/2 in height and 2/3 in radius from the center. The area was selected by finite element analysis as desirable observation point in which uniform conditions e.g., for strain rate and temperature were achieved through compression. It is difficult to have completely uniform strain rate and temperature distribution in whole specimen because of friction and heat transfer at top and bottom ends. Bulging shape in middle height of specimen during and after compression test indicates such unevenness. A calculation equivalent to experiment was performed and the region having relatively even history of strain rate and temperature from low through high strain was chosen. Grain diameter was measured in accordance with ASTM E112. The results of microstructure observation were correlated to test temperature, compensated strain rate and total strain.
Results and Discussions
Deformation behavior
Dynamic recrystallization behavior that occurs under stressed condition is supposed to be expressed by some relationship with deformation mechanism. The peak and steady stress observed on stressstrain curve obtained from isothermal compression tests are analyzed in order to reveal the feature of deformation behavior when dynamic recrystallization occurs. Specific feature of stressstrain curve concerning dynamic recrystallization is the same as mentioned in previous report.
7 ) The peak stress is defined as the maximum stress appeared as a result of continuous work hardening and restoration in relative low strain region. The steady stress means the even value observed after peak stress in higher strain region. In microstructure observation, occurrence of dynamic recrystallization was confirmed in smaller strain range than a strain at peak stress and dynamic recrystallization was enhanced after passing the peak point. The fact indicates that peak stress appears as a result of drastic restoration depending on dynamic recrystallization in addition to preceding dynamic recovery. Moreover dynamically recrystallized grain structure was dominant in steady state region. Therefore it is thought that the activation energy for deformation at peak and steady stress is relevant to dynamic recrystallization behavior.
Figure 1(a) shows the relationship between peak stress and three kinds of parameter, i.e., temperature, strain rate and initial grain diameter. The peak stress depends on temperature and strain rate obviously and the temperature dependence is emphasized in lower temperature region under £ A solvus temperature (approximately 1313 K for the present nominal composition). On the other hand, dependence of initial grain diameter is not found. The tendency regarding temperature, strain rate and initial grain diameter is similar to that of ally718 in previous report. 7) However, the degree of temperature dependence below specific solvus temperature is obviously different. The temperature dependence of Waspaloy is larger than that of alloy718. It is thought to be caused by the difference of precipitation rate in both alloys that the rate of £ A phase in Waspaloy is larger than that of ¤ phase in alloy718.
Steady stress observed in lager strain region beyond peak strain has similar tendency to peak stress as shown in Fig. 1(b) . The figure shows obvious temperature and strain rate dependence: lager temperature dependence in lower temperature range and no or little initial grain size dependence of steady stress.
In Figs. 2 and 3, activation energy for deformation Q def and stress exponent n def concerning peak and steady stress are estimated on eq. (1) that is representative one for high temperature deformation.
where _ ¾ is the strain rate, · n def is the peak stress or steady stress, n def is stress exponent, Q def is the activation energy for deformation, T is in absolute temperature, R is the gas constant, A def is a material constant.
In both cases, the data having different initial grain diameter is dealt with together according to the knowledge that initial grain diameter dependence is not found in both peak and steady stress.
As for peak stress in Fig. 2 , the exponent n def has less temperature dependence under the temperature range from 1223 to 1423 K and is recognized as constant value of 4.2 on the whole in spite of the temperature range across £ A solvus temperature although larger value is given in 1273 K. Corresponding apparent activation energy Q def including the effect of non-thermally activated process is 346 kJ/mol for 13231423 K. In case of steady stress, exponent of 4.0 and activation energy of 384 kJ/mol are given for same temperature range as shown in Fig. 3 . It is thought that similar values of stress exponent and activation energy in peak and steady stress indicate same deformation mechanism in both regions. Moreover such given stress exponent and activation energy are similar to those obtained from peak stress of alloy718 (n def = 4.7, Q def = 338 kJ/mol) in previous report although Waspaloy and alloy718 are categorized as different type of superalloy from the view point of major precipitation phase for high temperature strength. 7) In various kinds of pure metal and alloy, larger activation energy is obtained for high temperature deformation compared to activation energy for self-diffusion energy or volume diffusion of alloying element in case that dynamic recrystallization is dominant mechanism of dynamic restoration. As far as Ni base alloys concerned, approximately 400 kJ/mol of activation energy for deformation has been estimated whereas activation energies for self-diffusion of Ni and volume diffusion of Mo in Ni (the largest one in compositional elements of Waspaloy) have been reported to be 281 and 288 kJ/mol, respectively. 9) For example, Shen et al. reported 468 kJ/mol as the activation energy for deformation of Waspaloy and Guimaraes et al. estimaed the activation energy for recovery and recrystallization of Waspaloy as 330 and 430 kJ/mol, respectively. 10, 11) It's confirmed that the activation energy of deformation obtained in this study is larger than activation energy of diffusion of compositional elements like other materials dominated by dynamic recrystallization behavior. However, the value is relatively small in some degree compared to those in previous reports of Waspaloy. The difference between this study and previous reports is thought to be caused by temperature and strain rate range adopted for the observation. Especially the range of temperature has considerable effect on apparent activation energy in case of £-£ A type Ni base superalloy, because £ A precipitation introduced by rapid reaction rate has intrinsic effect on the deformation mechanism. The wider temperature range across £ A solvus temperature has possibility to give larger activation energy. On the other hand, as for strain rate, extrinsic effect seems to be dominant. In case of high strain rate, adiabatic heating induced by deformation make it difficult to understand actual temperature precisely. In order to minimize the effect of adiabatic heating, the strain rate range over 0.2 s ¹1 is avoided in this study. It is concluded that activation energy evaluated in this study indicates general tendency to be larger than those of self-diffusion and volume diffusion of alloying elements and is similar to those of previous reports as to Waspaloy.
Dynamically recrystallized grain diameter
Typical microstructure after isothermal compression test is summarized in Fig. 4 . Dynamically recrystallized grain diameter in the smaller initial grain diameter is approximately equivalent to that in the larger one. All the tendency is the same as given in alloy718. 7) In various materials, it has been reported that dynamically recrystallized grain diameter is independent of initial grain diameter and strain, and depends on temperature and strain rate. Because the major factor that has significant effect on dynamically recrystallized grain diameter is instantaneous stored strain as result of concurrent work hardening and recovery. Figure 5 shows the whole of temperature and strain rate dependence on dynamically recrystallized grain diameter quantitatively. It is thought that independent tendency of initial grain diameter and strain, and dependence of temperature and strain rate in dynamically recrystallized grain diameter are also found in this material.
These features indicate that temperature-compensated strain rate known as ZenerHollomon parameter which is represented with the following eq. (2) is valuable to express the relationship between dynamically recrystallized grain diameter and deformation behavior comprehensively.
Activation energy for deformation Q def is estimated by eq. (1) that represents deformation behavior at high temperature. Figure 6 (a) shows the relationship between dynamically recrystallized grain diameter and ZenerHollomon parameter for the temperature range from 1293 to 1373 K. Q def from peak stress is adopted for ZenerHollomon parameter. Compensated strain rate considered the difference between actual rate at microstructure observation point and apparent rate of whole test piece is applied according to finite element analysis for calculation of ZenerHollomon parameter. It is found that dynamically recrystallized grain diameter has quantitative relationship with ZenerHollomon parameter as the following equation. 
T. Matsuiwhere D dyn is the dynamically recrystallized grain diameter, Z is the ZenerHollomon parameter, A dyn and n dyn are material constants. The exponent n dyn is evaluated as ¹0.29.
Moreover calculated and observed dynamically recrystallized grain diameters are compared in Fig. 7 in order to verify the convergence of estimated eq. (3). In Fig. 7 , the desirable prediction range of ASTM No. «1 is drawn in addition to y = x proportional curve for reference. It is found that each plot exists in the range of ASTM No. «1 despite including of obviously fine grain data under 10 µm. It means the validity of eq. (3) for quantitative prediction of dynamically recrystallized grain diameter from 1293 to 1373 K.
Shen et al. carried out various kinds of hot compression test for Waspaloy under the temperature range from 1283 to 1394 K, in the strain rate range from 0.02 to 3.5 s ¹1 and reported the exponent n dyn in eq. (3) as ¹0.16 and ¹0.0456 for £ A subsolvus and supersolvus temperature region, respectively. 10) This report means that it is difficult to express the relationship between dynamically recrystallized grain diameter and ZenerHollomon parameter in one equation. Moreover the difference in n dyn between both temperature ranges was supposed to be induced by the presence of £ A particles during subsolvus hot working, which would lead Zener pinning of grain boundaries. Probably it is thought that the exponent n dyn in this study is affected by £ A precipitation in some degree below £ A solvus temperature when considering the fact that the apparent activation energy and exponent n def in eq. (1) are not independent of temperature. However, according to calculation of phase equilibria, Thermo-Calc, stable gamma phase with approximately 4% mole fraction occurs by the temperature change between gamma prime solvus and below that temperature by 40 K. It is difficult to explain the entire difference between higher and lower temperature region by only this reason. It is supposed that more important factor that caused the considerable difference in both regions is grain growth behavior right after compression. In this study, it is found that grain growth right after hot deformation is very rapid and the tendency is remarkable at high temperature and/or with small grain diameter. Hence some specific test conditions that have difficulty in accurate observation of grain diameter should be avoided for derivation of the relationship between dynamically recrystallized grain diameter and ZenerHollomon parameter in this study. As shown in Fig. 6(b) , every data from 1423 K compression tests has actually larger grain diameter compared to the data having equivalent Zener Hollomon parameter from 1293 to 1373 K and the difference is enhanced in case of higher ZenerHollomon parameter in Dynamic Recrystallization Behavior of Waspaloy during Hot Workingwhich the effect of grain growth is supposed to be large. On the contrary, each data from 1273 K compression tests is along to approximation curve although these data are not applied to estimate approximation because of relatively low dynamic recrystallization ratio. Such tendency is thought to indicate the effect of grain growth behavior right after deformation on observed grain diameter and the effectiveness of given approximation curve for prediction even in extrapolation region not having actual data.
On the other hand, ¹0.20 of n dyn was given for alloy718 in author's previous study.
7 ) Na et al. reported ¹0.124 as exponent n dyn for Ni base superalloy alloy718 and Senuma et al. got the value of ¹0.27 for SiMn steel. 12, 13) The exponent n dyn in this work is rather similar to those in other alloys although each has different temperature and strain rate region.
Consequently it is thought that the difference of n dyn in eq. (1) between this study and Shen's one is mainly induced by the difference in grain growth phenomena right after compression and the effect of £ A dispersion is not so large as to settle obvious different relationship for £ A subsolvus and supersolvus temperature regions.
Dynamic recrystallization ratio
Another structural factor which characterizes dynamically recrystallized microstructure besides dynamically recrystallized grain diameter is dynamic recrystallization ratio. Figure 8 shows the relationship of dynamic recrystallization ratio and true strain in 1323 and 1373 K with 123.5 µm of initial grain diameter. Here true strain means calculated true strain given by finite element analysis at observation portion. Strain dependence of dynamic recrystallization ratio for each strain rate in Fig. 8 suggests Avrami-type transition curve based on Johnson-Mehl-Avrami-Kolmogorov (JMAK) theory.
14)
Avrami-type transition curve is one of most popular expression to describe microstructure transition of solidsolid reaction as a function of time and is also utilized as quantitative expression of static recrystallization as shown in eq. (4) meaning that microstructure transition rate of recrystallization is a function of unrecrystallized area and time.
where X sta is the static recrystallization ratio. B and k are material constants. It is thought that microstructure transition rate of dynamic recrystallization ratio has also strong relationship with unrecrystallized area. Therefore quantitative description of dynamic recrystallization ratio with Avrami-type transition curve is examined in this study. However, the difference between both static and dynamic recrystallizations should be understood. In case of static recrystallization, time, temperature and strain are major factor controlling microstructure transition behavior. Temperature is constant in almost of cases. Stored strain decreases monotonously with the passage of time. The phenomenon is relatively simple. On the other hand, stored strain in dynamic recrystallization is changed by combination of work hardening and dynamic recovery. The degree is affected by strain rate. The microstructure transition behavior is not so simple compared to that of static recrystallization. Equation (4) is not only way to express the microstructure transition behavior. Figure 8 indicates that dynamic recrystallization ratio is expressed as a function of strain. Moreover the equation showing microstructure transition behavior should be rewritten in incremental form. From the view point of application to finite element analysis, other equation including strain as main parameter is more convenient for description of microstructure transition phenomenon.
Another important issue that should be considered is how characterized its curve is. When Avrami-type curve is recognized as geometric figure, ¾ 0.5 , strain for 50% dynamic recrystallization ratio is thought to be useful constituent to characterize Avrami-type curve so that a half-life period is a well-known value to compare reaction rate of radioactive isotopes each other. Here, t 0.5 , the time for 50% recrystallization ratio is utilized as representative criterion to evaluate progress rate of static recrystallization. Consequently eq. (5) is evaluated in this study.
where X dyn is the dynamic recrystallization ratio, ¾ is strain, ¾ 0.5 is strain for 50% dynamic recrystallization, n dynx is a constant. ¾ 0.5 is function of ZenerHollomon parameter and initial grain diameter. In previous report as to alloy718, it was revealed that ¾ 0.5 depends on initial grain diameter, temperature and strain rate. 7) The relationship between ¾ 0.5 and ZenerHollomon parameter is evaluated as shown in Fig. 9 . Each ¾ 0.5 is calculated from data across 50% recrystallization, assuming linear relationship around 50% region. Data consisted with three kinds of different initial grain diameter are plotted in Fig. 9 . As ZenerHollomon parameter is larger, ¾ 0.5 is larger in any initial grain diameter. Moreover equivalent gradient is confirmed for every grain diameter. Initial grain diameter dependence of ¾ 0.5 is found. Therefore ¾ 0.5 is thought to be expressed as eq. (6). 1373K, 0.065s −1 Fig. 8 The relationship between dynamic recrystallization ratio and strain.
It should be pointed that eq. (6) is recognized as brief and mean expression of whole behavior comprehensively. For example, initial grain diameter is contained as one of parameters because dynamic recrystallization occurs preferentially at grain boundary where strain is localized during deformation. Actually prior occurrence of dynamic recrystallization on initial grain boundary and twin boundary is observed in this study. However, dynamically recrystallized grain boundary also acts as incubation site of following recrystallization when critical strain is stored locally. Essential contribution of initial grain diameter is changed as recrystallization is progressed.
Another important factor, n dynx which characterizes microstructure transition curve written as eq. (5) is evaluated. Prior to estimation of n dynx , each n according to X dyn ¼ 1 À expðÀA¾ n Þ for various test conditions is compared in order to reveal intrinsic dependence of initial grain diameter, temperature and strain rate on the exponent n in Fig. 10 . Initial grain diameter and strain rate dependence are not found and only possibility of slight temperature dependence is indicated.
In Fig. 11 , the relationship between ln{1/(1 ¹ X dyn )} and ¾/¾ 0.5 is evaluated and n dynx in eq. (5) is estimated. Here calculated ¾ 0.5 according to eq. (6) is applied for ¾ 0.5 and only temperature dependence is considered on basis of knowledge from Fig. 10 . The temperature dependence of n dynx is not found obviously and the exponent n dynx is recognized as constant value of approximate 1.5 that is smaller than the value of 2.3 in alloy718. 7) Observed and calculated dynamic recrystallization ratio under different initial grain diameter, temperature and strain rate conditions are summarized as a function of strain in Fig. 12 . Each calculated value in Fig. 12 is given by eq. (5) having exponent n dynx of 1.5. Obtained approximation brings appropriate prediction curve and is able to trace the actual tendency that dynamic recrystallization ratio is affected by temperature, strain rate, strain and initial grain diameter. The higher the temperature is and the smaller the strain rate is, the higher the dynamic recrystallization ratio is.
According to Avrami opinion, exponent n from 3 to 4, from 2 to 3 and from 1 to 2 indicates three, two and one dimensional initiation and growth of static recrystallization, respectively. 5) Based on this hypothesis, mean value of approximate 1.5 given this study means that the dynamic recrystallization proceeds one dimensionally whereas two or three dimensional progress is found in microstructure observation at least in high temperature region. Under constant temperature and strain rate, grain boundary bulging and initiation of dynamic recrystallization at cross point of grain boundary occurs firstly and dynamically recrystallized grains occupy initial grain boundary as strain increases. Additional strain induces expansion of recrystallization region toward interior on initial grains and higher frequency of grain initiation at twin boundary and the area surround carbidenitride. Moreover sequential recrystallization occurs in the grains already recrystallized. It is thought to be difficult to understand the meaning of exponent n dynx in accordance with Avrami proposal.
Roberts et al. studied dynamic recrystallization behavior of ferrous alloys, AISI304 and Wnr1.4439 (Fe18Cr12Ni 4.4Mo0.2N), and reported that exponent in Avrami type transition curve has constant value of 1.2 to 1.3 in temperature range from 1273 to 1523 K. 15) Furthermore, Avrami type transition equation having constant value of 1.5 was derived by theoretical consideration focused on following facts. Actual dynamic recrystallization occured at not only initial grain boundary but also at dynamically recrystallized grain boundary. Uneven initiation of dynamic recrystallization on initial grain boundary depended on orientation difference with neighboring grains. Contributing grain boundary area per unit volume was considered as one of parameter for expression of uneven recrystallization. On the Zener-Hollomon Parameter, Z / s -1
Strain for 50% Dynamic Recrystallization Fig. 9 The relationship between strain for 50% dynamic recrystallization and ZenerHollomon parameter.
other hand, Shen et al. reported 3.0 at T < 1283 K, 2.0 at 1283 5 T 5 1300 K and 1.8 at T > 1300 K for Waspaloy.
10)
It can be said that given tendency in exponent n dynx and concrete n dynx in this study are similar to those of Roberts's report and obviously different from those of Shen's report. The phenomenon that value of 1.5 is given as exponent n dynx by above-mentioned approximation is considered from the view point of geometric feature. Figure 13(a) shows the relationship between dynamic recrystallization ratio and normalized strain when 1.0, 1.5, 2.0, 3.0 and 4.0 is given as exponent n dynx . Normalized strain means relative strain value defined as ¾/¾ 0.5 . Each curvature in Fig. 13(a) gives an impression that variation of n dynx has great effect on degree of mean increasing rate, strain achieving to high recrystallization ratio. However, another analysis focused on differential of dynamic recrystallization ratio, dX dyn /d¾ as shown in Fig. 13(b) reveals that dX dyn /d¾ transition is also characteristic. The peak of transition rate exists in higher ¾/¾ 0.5 region in case of larger n dynx . Smaller n dynx than approximate 3.0 has the peak below ¾/¾ 0.5 = 1 i.e., 50% of recrystallization. It's confirmed that the peak corresponding to 1.5 of n dynx appears in approximate normalized strain of 0.65 and the curve has monotonously deceasing tendency in higher region beyond the peak. Such feature is associated with phenomenological presumption that the effect of given strain on dynamic recrystallization ratio decreases in larger strain region and regarding peak appears in relatively low recrystallization ratio because repeated dynamic recrystallization in previously recrystallized area is frequent in higher recrystallization ratio. It's supposed that the exponent n dynx in this study is characterized strongly by transition rate of dynamic recrystallization.
Conclusion
In order to reveal the quantitative relationship between deformation and microstructure evolution regarding representative Ni base superalloy, Waspaloy, isothermal compression tests and corresponding microstructure observation are carried out. The following knowledge is obtained through this study.
(1) Dynamically recrystallized grain diameter depends on temperature, strain rate, and is independent of initial grain diameter and strain. The grain diameter can be expressed quantitatively as a function of temperature compensated strain rate, i.e., ZenerHollomon parameter containing activation energy for hot deformation. (2) Avrami-type equation is available for comprehensive and quantitative expression of dynamic recrystallization transition curve. The dynamic recrystallization ratio can be approximated by given strain and strain for 50% recrystallization which depends on initial grain diameter and ZenerHollomon parameter. ε /ε 0.5 Fig. 13 The effect of exponent n on geometric feature of X dyn transition: (a) X dyn ¹ ¾/¾ 0.5 , (b) dX dyn /d¾ ¹ ¾/¾ 0.5 .
